ABSTRACT: Complex 3D interfacial arrangements of cells are found in several in vivo biosystems such as blood vasculature, renal glomeruli, and intestinal villi. Current tissue engineering techniques fail to develop suitable 3D microenvironments to evaluate the concurrent effects of complex topography and cell encapsulation. There is a need to develop new fabrication approaches that control cell density and distribution within complex 3D features. In this work, we present a dynamic projection printing process that allows rapid construction of complex 3D structures using custom-defined computeraided-design (CAD) files. Gelatin-methacrylate (GelMA) constructs featuring user-defined spiral, pyramid, flower, and dome micro-geometries were fabricated with and without encapsulated cells. Encapsulated cells demonstrate good cell viability across all geometries both on the scaffold surface and internal to the structures. Cells respond to geometric cues individually as well as collectively throughout the larger-scale patterns. Time-lapse observations also reveal the dynamic nature of mechanical interactions between cells and microgeometry. When compared to conventional cell-seeding, cell encapsulation within complex 3D patterned scaffolds provides long-term control over proliferation, cell morphology, and geometric guidance. Overall, this biofabrication technique offers a flexible platform to evaluate cell interactions with complex 3D micro-features, with the ability to scale-up towards high-throughput screening platforms.
Introduction
For tissue engineering to become a viable approach for regenerative medicine and eventual organ replacement, cells and their supporting medium must be orchestrated to replicate the inherent structure and activity fundamental to their in vivo function (Kirkpatrick et al., 2011) . To this end, methods for incorporating cells within biomaterial constructs have evolved to allow for greater precision and flexibility in arranging cells within their scaffold environment (Chan et al., 2010; Du et al., 2008; Kaji et al., 2011; Miller et al., 2012) . Two-dimensional patterning of substrates has been employed extensively to direct cell arrangement and proliferation, and numerous methods have been developed to create complex surface geometries and multicellular configurations. Initial approaches towards cell patterning were partially motivated by the shortcomings of earlier co-culture systems. These multicellular models were typically developed via deposition (i.e., "seeding") of two or more cells types (Bhatia et al., 1999; Kane et al., 1999) . However, the random distributions resulting from cell-seeding prevented precise control over the degree and nature of cellÀcell contact. To address this limitation, photolithographic methods have been used to pattern adhesive regions on a substrate to localize multiple cell types and enable mechanistic studies related to either homotypic or heterotypic cell interactions (Bhatia et al., 1999) . Due to its reliance on specific cellÀadhesive protein interactions, this approach requires the careful selection of cell type, adhesive protein, and optimal substrate. Soft lithography and associated micro-contact printing techniques have been extensively used to attain precise control over the deposition of adhesive proteins and, as an extension, cellular patterning (Chen et al., 1997; Kane et al., 1999) . Microfluidic strategies have also been employed, usually in combination with micro-contact printing, to pattern heterogeneous cell populations (Torisawa et al., 2009 ). Other innovative techniques have used light (Kikuchi et al., 2009) , electrical stimuli (Fan et al., 2008) , and heat (Elloumi Hannachi et al., 2009 ) as triggers to control cellÀsubstrate interaction in real time. Interlocking silicon substrates have also been microfabricated to dynamically modulate cellÀcell contact in investigations of paracrine and juxtacrine cell-signaling (Hui and Bhatia, 2007) .
Most of these aforementioned approaches focus mainly on patterning adhesive proteins, and cells are typically introduced via traditional cell-seeding techniques after scaffold fabrication. In comparison, newer strategies of threedimensional cell patterning aim to arrange cells in sophisticated 3D geometries by incorporating cells within a scaffold during fabrication. Co-culture models have been generated by directing cell-laden microengineered hydrogels to assemble in a controlled fashion (Du et al., 2008) . Directwriting techniques, often referred to as free-form fabrication or rapid prototyping, can be used to print multiple cell types in 3D (Boland et al., 2006; Malone and Lipson, 2007; Mironov et al., 2007; Ovsianikov et al., 2010) . Typically, these computer-assisted manufacturing approaches recreate a 3D scaffold by translating either the computer-controlled stage or the deposition device in the XYZ directions according to a user-defined 3D model. This approach allows incorporation of living cells and other biomolecules within the liquid prepolymer solution. The distinction between 3D patterning of a scaffold substrate versus 3D encapsulation of cells within the scaffold should be noted: patterning of complex surface geometries does not necessarily yield an environment representative of in vivo architecture if the cells are only incorporated via seeding. This approach still yields a monolayer culture in a comparatively contrived environment due to the stark boundary formed between the substrate and the surrounding culture media. Cell seeding techniques can also yield inconsistencies in cell distribution throughout the scaffold surface due to cell aggregation. The preferential deposition of cells that results within certain geometric features, such as large wells or valleys, can confound investigations attempting to determine the independent influence of geometric cues on cell behavior. Recent evidence demonstrates that distributing cells three-dimensionally throughout a substrate can yield significant differences in cellular response to exogenous cues (e.g., during highthroughput drug screening) when compared with 2D monolayer culture (Fraley et al., 2010; Wirtz et al., 2011; Zaman et al., 2006) . Further differences have been observed in cell morphology, cellÀcell communication, and cellÀECM interactions (Cukierman et al., 2002; Loessner et al., 2010) . Additionally, as embedding cells within a 3D hydrogel can allow for their immobilization and subsequent controlled release, these novel culture systems may better replicate the spatiotemporal presentation of cells to each other throughout the developmental process (Fischbach et al., 2009; Pampaloni et al., 2007; Tibbitt and Anseth, 2009) . Notwithstanding these advantages, 3D encapsulation of living cells within complex user-defined features remains a challenge.
Photolithographic and soft lithographic techniques have become mainstays of traditional hydrogel patterning and are well suited to produce 2D microstructures, in addition to some 3D structures with simple geometries and aspect ratios. Using these approaches, many researchers have demonstrated how various processing methods can be used to mold soft cellladen hydrogel scaffolds while tailoring their bulk mechanochemical properties to direct the physiology of encapsulated cells (Nichol et al., 2010; Nicodemus and Bryant, 2008; Soman et al., 2012; Williams et al., 2005; Yeh et al., 2006) . Other groups have utilized these techniques in stiffer materials to generate surface topographies that can influence cell growth, activity, and fate (Dalby et al., 2007; Fu et al., 2010; Jeon et al., 2010; Kulangara and Leong, 2009; Yu et al., 2012) . However, these topographic effects have only been investigated for seeded cells, as current cell encapsulation techniques are limited to simpler bulk geometries in soft, naturally derived biomaterials. Since an increase in feature complexity generally necessitates an increase in material stiffness, translating sophisticated biomimetic geometries from stiff materials to softer biopolymers remains an important challenge. These limitations are borne out of fundamental material requirements that are often competing: (1) soft biomaterial substrates with high water content are needed to support cell viability, and (2) polymers must be robust enough to faithfully reproduce the specified features while withstanding current fabrication techniques. Thus, most cell-encapsulation approaches cannot incorporate the complex geometries representative of native anatomy, and those that can (e.g., bio-inkjet printing or 3D plotting) are often labor-intensive and timeconsuming, thereby limiting their scalability.
To address the limitations of current techniques in encapsulating cells within complex 3D geometries, we present here a novel, rapid microfabrication approach for constructing cell-laden hydrogel scaffolds that (1) provide complex user-defined 3D geometries composed of a naturally derived biomaterial, (2) allow for consistent 3D distribution of cells encapsulated within the hydrogel, (3) support cell viability and proliferation, (4) feature dynamic, large-scale mechanical cellÀscaffold interactions, and (5) yield cell behavior and morphology that contrasts with outcomes from traditional cell seeding. Importantly, these constructs enable control and integration of complex 3D geometries while providing internal 3D distribution of encapsulated cells. The ability to better mimic a native tissue environment by controlling the arrangement of cells within a complex patterned 3D hydrogel will yield broad impact in tissue engineering, drug discovery, and fundamental cell biology research (Kaji et al., 2011; Yu et al., 2012) .
Materials and Methods

Biofabrication Using Dynamic Projection Stereolithography
An array of micron-scale features was built in various biopolymers using UV photolithography in a layer-by-layer fashion as described earlier (Zhang et al., 2012) . The main components of the fabrication system are a UV light source (EXFO Omnicure S2000, Quebec, QC, Canada), a digital light processing (DLP) chip (Discovery 4000, Texas Instrument, TX), and computer controlled xÀyÀz stages (Newport 426/433 series). The wavelength used is 365 nm with a source output of 30 W/cm 2 . User-defined computer-aided-design (CAD) files were transferred to the DLP chip to generate a series of virtual masks. DLP chip modulated images were projected onto a photocurable pre-polymer through a UVgrade optical lens (Edmunds Optics, Barrington, NJ). Areas illuminated by UV light crosslinked immediately, while leaving the dark regions un-crosslinked, forming an image in a specific polymerization plane. This process is dynamically repeated through a series of user-defined digital masks while the stage is translated to construct scaffolds with precise structure and cellular composition (Fig. 1a) . These patterns were irradiated for 35 s at a projected UV intensity of 11 mW/ cm 2 .
Methacrylation of Glass Coverslips
Round glass coverslips (12 mm diameter, Chemglass Life Sciences, Vineland, NJ) were agitated in Piranha for 5 min, washed in DI water three times (5 min each time), and subsequently washed in 100% ethanol (Fisher Scientific, Pittsburgh, PA) and dried with nitrogen. Dried glass coverslips were functionalized in a bath containing 85 mM 3-(Trimethoxysilyl)propyl methacrylate (Fluka, St. Louis, MO) in ethanol with acetic acid (pH 4.5) while rocking overnight at room temperature. The coverslips were washed with ethanol (three times, 5 min each time), dried with nitrogen, and baked for 1 h.
Pre-Polymer Synthesis
Gelatin methacrylate (GelMA) was synthesized as described in previous reports (Gauvin et al., 2012; Nichol et al., 2010) . Briefly, porcine skin gelatin (SigmaÀAldrich, St. Louis, MO) was mixed at 10% (w/v) in phosphate buffered saline (PBS; Gibco, Billings, MT) and stirred at 60 C until fully dissolved. Methacrylic anhydride (MA; Sigma) was added to the solution at a rate of 0.5 mL/min until a concentration of 8% (v/v) of MA was obtained in the gelatin solution. The solution was then stirred for 3 h at 60 C. Following a 2X dilution with warm PBS, the solution was dialyzed against distilled water using 12-14 kDa cutoff dialysis tubing (Spectrum Laboratories, Rancho Dominguez, CA) for 1 week at 40 C to remove the unreacted groups from the solution. The dialyzed GelMA solution was sterile filtered (0.2 mm), frozen overnight at À80 C, and lyophilized in a freeze dryer (Labconco, Kansas City, MO) for 1 week. Freeze-dried GelMA foam was stored at À80 C until further usage. A 15% (w/v) GelMA macromer solution was prepared by mixing the freeze-dried GelMA with Dulbecco's Modified Eagle Medium supplemented with 10% bovine calf serum or fetal bovine serum (HyClone, Logan, UT) at 40 C until fully dissolved. Photoinitiator (0.3%, w/v, Irgacure 2959, CIBA Specialty Chemicals, Basel, Switzerland) was added to the solution to allow for photopolymerization with efficient cure depth and optimal pattern resolution. In the final preparation, the 15% GelMA solution was mixed with either a cell suspension (for cell encapsulation) or additional cell-free media (for cell seeding on blank scaffolds) to achieve a final concentration of 10% (w/v) GelMA.
Cell Culture and Immunohistochemical Staining
NIH-3T3 murine embryonic fibroblasts (3T3s) and C3H/ 10T1/2 murine mesenchymal progenitor cells (10T1/2s) were purchased from ATCC and cultured according to the protocols provided by ATCC. NIH/3T3 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with 10% bovine calf serum, heat inactivated (BCS, HyClone), and 1% penicillin-streptomycin. 10T1/2 cells were cultured in DMEM supplemented with 10% fetal calf serum, heat inactivated (FBS, HyClone). Both cell types were maintained in a 37 C incubator with 5% CO 2 . Cells were passaged using standard cell culture protocols using 0.25% Trypsin/EDTA and were used within passage number 12. Cells were harvested and counted based on the general protocol and then either encapsulated or seeded onto the scaffold with their respective growth media. Media were initially changed 1 day after seeding and then refreshed every other day. Cells were fixed at various time points and stained for F-actin (for 3T3s) or a-SM actin (for 10T1/2s) and nuclei. Cell-laden scaffolds were fixed using 4% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA) for 15 min at room temperature and permeabilized with 0.1% Triton X-100 (SigmaÀAldrich) in PBS with 2% bovine serum album (BSA, Hyclone) for 30 min. For F-actin staining, cells were then exposed to 5 units/mL rhodamine phalloidin (Biotium, Hayward, CA) at room temperature for 30 min. For 10T1/2 staining, permeabilized cells were incubated with primary antibodies for a-SM actin at 4 C overnight, followed by incubation with labeling secondary antibodies (Alexa 488 or Alexa 647, Invitrogen, Carlsbad, CA) at room temperature for 1 h. Nuclei were counterstained with Hoechst 33258 DNA dye (Invitrogen). Confocal fluorescence imaging was performed using an Olympus FV1000 confocal microscope, and image analysis was performed using ImageJ.
Results and Discussion
Scaffold Fabrication
Although natural polymers such as protein-based (e.g., fibrin, gelatin) or polysaccharide-based (e.g., hyaluronic acid, alginate) biomaterials exhibit favorable cellÀmaterial interactions, they are difficult to pattern with conventional photolithographic techniques, especially when complex 3D geometries are involved. Additionally, the post-processing and curing steps often used to improve mechanical stability in hydrogel scaffolds can be cytotoxic and thereby preclude the simultaneous incorporation of cells during fabrication. We have developed a dynamic projection printing process that allows rapid construction of complex 3D structures while maintaining highly specified features by eliminating the need for a secondary mold to cast the scaffold (Zhang et al., 2012) . User-defined computer-aided-design (CAD) files were used to generate a series of virtual masks, which were used to project UV light onto a photocurable gelatin-based prepolymer to construct scaffolds with complex 3D architectures ( Fig. 1a and b) . Gelatin-methacrylate (GelMA) constructs were initially fabricated without encapsulated cells to provide substrates for characterization and comparative cell seeding experiments. The dynamic stereolithographic method yielded 100À250 mm thick scaffolds with features that corresponded to various geometries as specified in the dynamic photomasks: spiral, pyramid, flower, and dome ( Fig. 1c and d ). Low and high strain bulk moduli of the 10% GelMA scaffolds were 75 and 580 kPa respectively (Gauvin et al., 2012) . While synthetic polymers, such as poly(ethylene) glycol, can offer faithful reproduction of complex features, these materials are often stiffer and require the addition of bioactive molecules, such as RGDS peptide sequences, to support cell growth. In contrast, naturally derived GelMA facilitates cell adhesion and proliferation throughout a softer 3D structure via natively available peptide sequences. NIH-3T3 murine embryonic fibroblasts (3T3s) and C3H/10T1/2 murine mesenchymal progenitor cells (10T1/2s), both at passage numbers less than 12, were incorporated in the prepolymer solution to provide structures featuring the specified geometries with cells distributed uniformly throughout. The final density of cell distribution within the scaffold correlated to the concentration of cells present in the pre-polymer solution with a 1-3 Â 10 6 cells/mL solution providing a scaffold with a mean cell distribution of 600À1,800 cells/ mm 3 .
Cell Interaction With Scaffold Geometry
Cells were observed throughout long-term culture to determine the extent to which they respond to and interact with their local geometry. In the cell-laden scaffolds, cells respond to complex features and remodel the 3D structure in a dynamic manner (Fig. 2) . Multicellular organization of cells was present initially on the perimeter of the structures. Upon continued proliferation, cells covered the entire surface of each structure and branched across structures to create an interconnected network of cells (Supplementary Information  Fig. S1 ). Interestingly, as cells organized between adjacent structures, deformation of the scaffold features was observed, and geometries exhibiting features with smaller radii of curvature (e.g., flower and pyramid) experienced greater deformation of their bulk structures (Fig. 2b) . 3D reconstruction of confocal micrographs of the scaffolds after staining for F-actin (red) and nuclei (blue) revealed that deformation of the scaffold features was height-dependent (Fig. 2c) . Specifically, cells were able to deform the upper portions of the structures (e.g., features furthest from the coverslip/base of the scaffold) to a greater extent than the lower portions (Fig. 2d) . This selective deformation confirmed that the bulk structure maintained its initial position on the coverslip surface. Though scaffold movement for the spiral and dome structures is not apparent in the still micrographs, time lapse microscopy of these scaffolds at 4 days after fabrication revealed that this dynamic collective mechanical interaction is also present in the spiral structures (Supplementary Information Movie). These results demonstrate the influence that geometry can have on organized multicellular action within a complex 3D scaffold environment. Encapsulated cells within the GelMA scaffolds exhibited 3D cell spreading at various Z planes throughout the scaffold. The morphology of fully encapsulated 3T3 fibroblasts after long-term culture was observed by staining cells with rhodamine phalloidin and Hoechst to visualize F-actin and nuclei respectively. 3T3 cells fully embedded within the structures display morphology different from cells external to the structure (i.e., surface cells). Additionally, we observed pseudopod extension in the encapsulated cells as well as in cells on the periphery of the patterned structures. The pseudopodia often crossed the interface between the GelMA structures and the surrounding media, suggesting the continued ability of cells to maintain cellÀcell and cellÀmatrix interactions across this boundary (Fig. 3b) . Interestingly, the pseudopodia for encapsulated cells exhibited preferential orientation towards the interface, which may be induced by the presence of a diffusion gradient across the boundary. Encapsulated 10T1/2 cells expressed a smooth muscle cell phenotype, evident from positive staining for a-SM actin (green), and also exhibited 3D extension of pseudopodia (Fig. 3c) .
Viability and Proliferative Ability of Encapsulated Cells
Cell viability was quantified for cells encapsulated in three different conditions. In Condition 1, cells were encapsulated as described above, using spatially varied UV exposure (Fig. 1b) to fabricate the four patterns (spiral, pyramid, flower and dome). Condition 2 served as a control slab structure, where all areas received the same UV exposure. In Condition 3, control slab structures were exposed to an additional round of UV exposure using the same mask sets used in Condition 1. Specifically, for Condition 3, the slab structure was polymerized first, rinsed to remove any excess pre-polymer, and then exposed to UVa second time using the four pattern series of masks. Condition 3 was designed to determine if areas with different amounts of cumulative UV exposure alone (in the absence of differences in the 3D geometry of the scaffold) would exhibit cell behavior and proliferative ability in a pattern that corresponds to the UV exposure. This additional experimental condition provides a means to decouple the potentially confounded effects of patterned UV exposure and 3D morphology. As demonstrated by the calcein-AM (green)/ethidium homodimer-1 (red) LIVE/DEAD assay, 10T1/2 cells in all three conditions revealed similar levels of cell viability (Fig. 4a and c) .
The Click-iT 1 EdU proliferation assay was used to better characterize the mitotic rates of cells within the scaffolds. At 5 days post-encapsulation, scaffolds laden with 10T1/2s were incubated for 24 h in media containing EdU (5-ethynyl-2 0 -deoxyuridine), a nucleoside analog of thymidine. Following fixation, Alexa 488 (green) was used to label the EdU via click chemistry to visualize the proliferative cells that had incorporated the EdU during active DNA synthesis. The 10T1/2 cells were counter-stained for a-SM actin (red) and for nuclei (blue) using Hoechst (Fig. 4b) . Quantification of proliferation at different quarter-increment heights throughout the scaffold demonstrates height-dependent rates of proliferation (Fig. 4d) . We speculate that this heightdependence is caused by diffusion-mediated concentration gradients of metabolites, as cells closer to the scaffold surface will encounter greater nutrient supply due to their proximity to the concentration boundary layer. This reasoning was further supported by the observation that the patterned scaffolds exhibited greater proliferative activity overall when compared to the slab scaffolds, as the increased surface area provided by the 3D topographic features would also enhance nutrient flux.
Expression of a-SM Actin in Encapsulated 10T1/2 Cells
To determine the long-term influence of 3D cell encapsulation on cell behavior when compared to cell seeding, we prepared cell-encapsulated scaffolds alongside blank scaffolds with seeded cells. However, we observed in our initial experiments that rapid proliferation of cells occurred on the scaffold surface for both the cell-encapsulated scaffolds as well as the cell-seeded scaffolds. To determine the origin of the proliferative surface cells in the cell-encapsulated scaffolds, we performed time-lapse imaging of these scaffolds immediately after fabrication. We observed the presence of motile cells on the scaffold surface as well as on the exposed glass regions of the methacrylated coverslip at the periphery of the scaffold (data not shown). We hypothesized that these motile cells were cells that had adhered residually to the scaffold and glass surfaces without being encapsulated within the GelMA scaffold during polymerization. As the presence of these surface cells would confound results comparing the cellencapsulated scaffolds with cell-seeded scaffolds, we developed a scaffold wash protocol that uses a brief incubation in trypsin to allow for the removal of these residual cells. Specifically, scaffolds were treated to a brief ($1 min) soak in 0.25% Trypsin/EDTA immediately after fabrication to loosen any cells that were not completely encapsulated. After trypsin treatment, the scaffolds were thoroughly rinsed under a stream of phosphate buffered saline to aid in the removal of any non-encapsulated cells. The efficacy of the trypsin wash in removing residual surface cells is demonstrated in Supplementary Information Figure S2 .
GelMA scaffolds were prepared with either seeded or encapsulated 10T1/2 cells to observe differences in a-SM actin expression and organization that may depend on the method of cell incorporation. Seeded cells demonstrated rapid proliferation, and expression of a-SM actin was prevalent throughout the various features of the scaffold. Qualitatively greater expression was observed on the top portions of each of the geometries, and higher levels of expression were localized to distinct features of each of the geometries (Fig. 5a ). Encapsulated cells exhibited marked differences in cell morphology as compared with seeded cells (Fig. 5b) . Comparatively lower levels of a-SM actin expression were observed for encapsulated cells. After long-term culture, cells demonstrated greater organization around the perimeter of the local structures. Importantly, the cells expressing a-SM actin were located within the interstitial spaces between the structures in the cellencapsulated scaffolds, whereas smooth muscle-type cells were located on top of the structures for seeded cells. These differences in cell morphology and distribution reflect the versatility offered by different methods of incorporating cells as well as the importance of 3D culture in directing cell fate. Furthermore, encapsulation of cells within different 3D microstructures can allow for the temporally controlled release of cells.
The development of 3D hydrogel cell cultures has undergone a rapid evolution in recent years, and the evidence Figure 4 . Characterization of cell viability and proliferation. a: Viability of 10T1/2 cells encapsulated in GelMA scaffolds was assessed via calcein-AM (green)/ethidium homodimer (red) LIVE/DEAD assay at 8 h after encapsulation. Cell viability within the 3D patterned scaffold was compared to an unpatterned control slab and to a slab that received a second round of UV exposure. These three conditions were compared to determine if differences in cumulative UV exposure alone were contributing to the cellular responses to geometric cues. High cell viability was maintained in all scaffolds, and quantification revealed that similar levels of viability were seem across the three conditions (c). The Click-iT 1 EdU assay was performed at Day 5 to assess the proliferative ability of 10T1/2 cells throughout the scaffold (b). Incorporated EdU was labeled with Alexa 488 (green) and counterstained for a-SM actin (red) and for all nuclei (blue) using Hoechst. Images shown were taken at a Z cross-section mid-depth within the scaffold. d: Quantification of proliferation at different heights throughout the scaffold demonstrates height-dependent rates of proliferation, with cells exhibiting higher proliferation within the 3D patterned scaffold. Labels for the height indicate quarter-increment distances from the base of the scaffold to the scaffold surface (e.g., for a scaffold with total height ¼ 200 mm, 1/4 height refers to the slice located 50 mm from the base of the scaffold). Scale bars are (a) 250 mm and (b) 100 mm. Error bars represent the SD of three independent samples. of dramatic differences in cell behavior between 2D and 3D culture systems adds impetus to the transition towards 3D systems for various biomedical applications from drug discovery and cancer research to stem cells and tissue engineering (Chan et al., 2010; Khetani and Bhatia, 2008; Soman et al., 2012; Tung et al., 2011) . Efforts to generate a suitable 3D environment for long-term cell culture adopt multiple approaches, including droplet suspension, magnetic levitation, cast molding, lithographic approaches, microfluidics, cell-printing, etc. (Chan et al., 2010; Gaebel et al., 2011; Kaji et al., 2011; Miller et al., 2012; Souza et al., 2010; Torisawa et al., 2009; Tung et al., 2011; Zhang et al., 2012) . However, these methodologies are typically limited in their ability to fully replicate the in vivo environment either in terms of the material used, the distribution of cells, or the complex geometries of the native physiology. The current state of the art biofabrication technologies face problems related to cell culture such as cell density, cell distribution, integration of multiple cell types and specific localization of cells (Kaji et al., 2011; Kirkpatrick et al., 2011 ) within a 3D microstructure.
We present a simple and rapid fabrication approach for encapsulating cells within complex 3D geometries using a combination of digital printing and a naturally derived gelatin-based hydrogel. This rapid-fabrication cell encapsulation method demonstrates good cell viability, control over cell distribution, and cell-compatible processing steps with the ability to scale-up towards high-throughput platforms. This technique offers a broad collection of capabilities to explore the independent and interacting effects contributed by different material types, cell arrangements, and feature geometries. These influences may be investigated in the context of cellÀcell communication, nutrient diffusion, cell migration, ECM remodeling, and cell differentiation.
Furthermore, the macromer solution used during fabrication can easily be changed to incorporate a variety of bioactive molecules, such as growth factors, drugs, or genetic cues along with multiple cell types. Additionally, each of these macromer variations can be used to provide scaffolds for cell seeding, cell encapsulation, or a combination thereof. As we have demonstrated with the fabrication of a various subset of topographies, virtually any geometry can be constructed. The resolution of the features depends on the material used. For example, using polyethylene glycol diacrylate (MW ¼ 700 Da) without encapsulated cells, an XY resolution of $6 mm Â 6 mm can be achieved, whereas 10% GelMA with encapsulated cells (3 Â 10 6 cells/mL) results in an XY resolution of $17 mm Â 17 mm (Supplementary Information  Fig. S3 ). The resolution in the z direction is much finer (submicron range) as this dimension is fabricated while the stage moves continuously through the polymerization focal plane. This work fills a large gap in the field of developing a scalable technique for rapidly fabricating complex 3D cell-laden scaffolds to investigate and regulate cell-topography/geometry/microenvironment interactions towards the goal of directing ultimate cellular phenotype. The platform enables researchers to recreate in vivo-like biosystems with complex 3D interfacial arrangements (e.g., blood and lymph vasculature, renal glomeruli, intestinal villi, pulmonary alveoli (Kaji et al., 2011; Kirkpatrick et al., 2011; Yu et al., 2012) ), where cells separated in spatially organized zones with specific geometries can exert redundant, competing, or orthogonal influences to collectively regulate the native physiology.
The project described was supported by Award Number R01EB012597 from the National Institute of Biomedical Imaging and Bioengineering and by grants (CMMI-1120795, CMMI-1130894) from the National Science Foundation (NSF) to S.C. Additional funding for P.H.C. was provided by a NSF Graduate Research Fellowship under grant no. DGE-1144086. We also acknowledge the UCSD Neuroscience Microscopy Shared Facility grant P30 NS047101 for use of confocal imaging.
